Synthesis of the Escherichia coli YtfE protein, also known as RIC, for the repair of damaged iron centres, is highly induced during anaerobic growth under conditions of nitrosative stress. How YtfE repairs nitrosative damage remains unclear. Contrary to previous reports, we show that strains defective in YtfE that lack the high-affinity NO reductase activity of the hybrid cluster protein (Hcp) are less sensitive to nitrosative stress than isogenic ytfE + strains, which are extremely sensitive. Evidence that this sensitivity is due to YtfE-dependent release of NO into the cytoplasm includes: relief of growth inhibition by PTIO (2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide), which degrades NO; relief of nitrosative stress by deletion of narG encoding the nitrate reductase that is the major source of NO from nitrite; partial suppression of nitrosative stress due to loss of Hcp function by a further mutation in ytfE; YtfE-dependent loss of aconitase and fumarase activities in the absence of Hcp; and YtfE-dependent relief of NsrR repression of the hcp promoter in response to cytoplasmic NO. We suggest that a major role for YtfE is to reverse nitrosative damage by releasing, directly or indirectly, NO from nitrosylated proteins into the cytoplasm where the high-affinity NO reductase activity of Hcp ensures its reduction to N 2 O. If so, the concerted action of YtfE and Hcp would not only maintain the cytoplasmic concentration of NO in the low nM range, but also provide a rationalization for the coordinate regulation of Hcp and YtfE synthesis by NsrR.
INTRODUCTION
Whole-genome transcriptomic analyses of enteric bacteria have consistently identified three genes that are strongly induced by nitrosative stress during anaerobic growth. These are hmp encoding a bacterial flavohaemoglobin, Hmp; ytfE, which encodes a protein implicated in the repair of iron, and especially iron-sulfur, centres of proteins damaged by nitrosylation; and hcp, the gene for the hybrid cluster protein. In enteric bacteria these genes are regulated by NsrR, a transcription factor of the Rrf2 family that functions as a repressor in the absence of nitric oxide (NO) [1] [2] [3] [4] . NsrR has a high affinity for NO, which inactivates its repressor function and therefore derepresses hmp, ytfE and hcp expression [5, 6] .
The biochemical function of Hmp as an oxygen-dependent NO oxygenase is well established [7] . In contrast, the physiological significance of a catalytically less efficient NO reduction function is more controversial. Because hmp expression is repressed by FNR (the regulator of fumarate and nitrite reduction) and FNR contains a [4Fe-4S] ironsulfur centre that is damaged by severe exposure to NO, it has been argued that FNR can function as an NO sensor, enabling Hmp to protect bacteria against NO damage generated during anaerobic growth [8, 9] . However, these initial reports were published before it was known that hmp transcription is repressed by NsrR. This led to an alternative explanation for the initial results [10] . The catalytic efficiency of Hmp as an NO reductase is extremely low, with a k cat of only 20 s À1 and a relatively high K m for NO, too high for it to be physiologically significant [11] .
Until recently the physiological role of the hybrid cluster protein, Hcp, was also highly controversial. In databases Hcp is annotated as a hydroxylamine reductase [12] , despite abundant evidence that, at least for Escherichia coli, this cannot be its biochemical function [13] . The controversy was resolved with our recent demonstration that Hcp is a highaffinity NO reductase that protects cytoplasmic proteins from damage by NO generated as a side product of nitrite reduction to ammonia [14] . The NO reductase activity of Hcp is inhibited by concentrations of NO above 100 nM unless it is protected by its cognate reductase, Hcr. In the absence of other known NO reductases, Hcp is essential for growth under conditions of nitrosative stress when the concentration of NO is in the physiologically relevant nM range [14] .
Current understanding of the repair function of YtfE, the third protein induced by nitrosative stress, in part depends on the analysis of the original ytfE mutant that was subsequently shown to contain an additional deletion of 126 genes at a secondary locus [15] . This secondary deletion included many genes that are essential for anaerobic respiratory functions, for example, operons required for molybdopterin synthesis, and hence for formate dehydrogenase, nitrate reductase, DSMO reductase and TMAO reductase synthesis [16] . Discovery of this secondary deletion readily explained the complex phenotypes and growth defects of the original ytfE mutant [15] . Critically, however, the deletion also included the hcp-hcr operon. This original mutant was therefore doubly defective in both ytfE and hcp-hcr. The primary aim of the current work was to determine whether the sensitivity of the original ytfE mutant to nitrosative stress was due more to loss of Hcp than to loss of YtfE.
Three further reasons motivated a reassessment of the physiological role of YtfE and related proteins in other bacteria. First, many of the reports that the YtfE (RIC) protein plays a key role in repairing damage to iron and iron-sulfur proteins damaged by nitrosylation have focused on the transfer of iron from YtfE to iron-deficient iron-sulfur centres [17] [18] [19] [20] [21] . However, stoichiometric rather than catalytic quantities of YtfE were required to demonstrate this activity and the rate of Fe ++ transfer was very low, probably too low to be physiologically significant [21] . Second, a recent crystal structure of the E. coli protein revealed a channel leading to the di-iron centre which was able to bind two molecules of NO. It was therefore proposed that YtfE is an NO reductase that catalyses the reduction of NO to N 2 O [22] . Finally ytfE expression, like hcp expression, is repressed by NsrR, a transcription factor that regulates expression of genes required for NO resistance at concentrations far below the 5-100 µM NO used in many previous laboratory experiments [1-4, 6, 23, 24] . Evidence for this statement comes from the observation that NO released by homolytic cleavage of S-nitrosoglutathione was sufficient to induce expression of NsrR-regulated genes, but insufficient to induce NorR-dependent NorVW synthesis even though NorR itself is believed to have a high affinity for NO, possibly with a Kd as low as 50 nM [25] [26] [27] .
In view of our recent report that Hcp is a cytoplasmic, highaffinity NO reductase and the coordinate regulation of Hcp and YtfE synthesis by NsrR, we have investigated whether their physiological roles in stress resistance might be interlinked.
METHODS

Escherichia coli strains and plasmids
Strains of E. coli K-12 used are listed in Table 1 . Strains constructed during this work were generated in the following steps. First, a new deletion-insertion mutation was generated in strain RK4353, which was used as the parent for this study. The mutation was then transduced into the recipient background into which the effects of the mutation were to be studied. All of the recipients were derived from strain RK4353, so there was no risk of P1 transduction introducing additional mutations that were specific to different E. coli backgrounds. The newly introduced mutation was first checked by PCR using primers listed in Table S1 (available in the online version of this article). PCR products were then sequenced. Finally the antibiotic resistance cassette was removed by the pCP20 curing procedure [28] . Many of the experiments described below were based upon a set of four strains that lack nirBD, nrfAB, norVW and hmp with all combinations of hcp and ytfE. The complete genome sequences of these strains were checked to confirm the presence of the designated mutations, but the absence of other secondary mutations.
To study the effect of PTIO (2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide; Cayman Chemicals) on growth, cultures were grown without aeration in narrow test tubes as previously described [14] .
Plasmid pYtfE, in which the ytfE coding sequence was cloned into the pUC18 vector, was a gift from Ligia Saraiva [16] . The ytfE coding sequence was also cloned as an NdeIBamHI fragment generated by PCR into pET24a (Invitrogen) to generate C-terminally His-tagged YtfE protein. Accumulation of NO in the bacterial cytoplasm was detected using a promoter-probe vector based upon the principle first used by Hutchings et al. [29] . Bacteria were transformed with plasmid pNF383 in which the hcp promoter has been fused to lacZ in the vector, pAA182 [4, 30] .
Media and growth conditions
Aerobic starter cultures were grown with aeration at 150 cycles min À1 in a rotary shaker in conical flasks, at most 20 % filled with Luria broth. Anaerobic cultures were grown in minimal salts (MS) medium with 40 mM glycerol as the main source of carbon and energy and 40 mM fumarate as the terminal electron acceptor, supplemented as described in the text [31] . Various concentrations of nitrate, nitrite or NO were added as stated in the text or figure legends. As strains JCB5250, 5253 and their derivatives grow very poorly under conditions of nitrosative stress, large-scale cultures required for biochemical experiments were either supplemented with 0.1 % glucose, or glycerol was replaced completely by 0.4 % glucose.
Preparation of soluble bacterial extracts
Bacteria for biochemical assays were grown anaerobically in 0.5, 1.0 or 2.0 l conical flasks that had been filled to the neck. No other precautions were necessary to increase the stringency of anaerobiosis. Bacteria in the late phase of growth were harvested by centrifugation, resuspended in 2 % of the original culture volume of 50 mM phosphate buffer, pH 7.4, resedimented by centrifugation and resuspended in phosphate buffer to a density of approximately 40 g bacterial dry mass l
À1
. These thick bacterial suspensions were sonicated six times (30 s sonication followed by 30 s cooling on ice). The sonicate was centrifuged for 5 min at 10 000 g to remove unbroken bacteria., and the supernatant was then centrifuged at 100 000 g to prepare soluble and membrane fractions.
Biochemical methods
Aconitase activity was determined by coupling the production of isocitrate from citrate to the NADP + -dependent oxidation of isocitrate to 2-oxoglutarate. The rate of NADP + reduction was constant until virtually all of the NADP + added had been reduced. For each set of assays, controls were included to show that the rate of NADP + reduction was about 10 times faster when citrate was replaced by isocitrate as the substrate, confirming that aconitase activity was the rate-determining step in the reaction. The assay mixture at 25 C contained 928 µl of assay buffer (50 mM Tris-HCl, 0.6 mM MnCl 2 , pH 7.4), 30 µl of 1 M sodium citrate, 2 µl of freshly prepared 0.1 M NADP + and 40 µl of cell extract. The rate of increase of absorbance at 340 nm was determined. The reaction was started by the addition of the cell extract. The activities from at least two biological replicate experiments for each strain were measured in triplicate. Error bars show standard deviations for the combined data. To detect the accumulation of NO in the cytoplasm, bacteria were transformed with plasmid pNF383, in which hcp has been cloned under the control of its own promoter into plasmid pAA182 [30] . b-Galactosidase activities were determined as described previously [31] .
Purification of the fumarase B and YtfE proteins Escherichia coli strain BL21 (DE3) was transformed with either the FumB plasmid, pET41a :: fumB + , or the YtfE plasmid, pET24a :: ytfE + . Purified transformants were grown anaerobically at 37 C in 500 ml Duran bottles completely filled with Luria broth containing 50 µg ml À1 kanamycin and sealed with Parafilm. When the OD 600nm had reached 0.4-0.6, recombinant protein production was induced by the addition of 5 µM IPTG, whilst Fe-S cluster incorporation was aided by the addition of ferrous ammonium sulfate and ferric citrate, both to 0.2 mM, and cysteine to 365 µM. The cultures were then grown overnight at 25 C. Bacteria were harvested by centrifugation at 8000 g at 4 C for 15 min. The bacterial pellet was resuspended in lysis buffer (20 mM sodium phosphate buffer, 500 mM NaCl, pH 7.4 containing a cOmplete, Mini Protease Inhibitor Cocktail tablet (Roche) to prevent protein degradation) at 5 ml per 1 g wet mass. Bacteria were lysed anaerobically in an anaerobic cabinet (Don Whitley Scientific) by adding Bugbuster Protein Extraction Reagent (70921, Novagen) and Benzonase Nuclease (Novagen, 70664) following the manufacturers' instructions. Incubation was for 20 min with gentle agitation. The soluble protein fraction was obtained by centrifugation at 10 000 g for 15 min and then passage through a 0.45 µm syringe filter in the anaerobic cabinet. The histidine-tagged FumB and YtfE proteins in the supernatant fractions were purified on nickel affinity columns (HiTrap Chelating HP, GE Healthcare) in the anaerobic cabinet following the manufacturer's instructions, with 20 mM imidazole added during the binding step to reduce non-specific interactions, and all stages were carried out manually with syringes. Purified proteins were eluted stepwise in 1 ml volumes of buffer with increasing imidazole concentrations of 50, 100, 150, 200, 250, 300, 350, 400 and 500 mM. Fractions containing FumB and YtfE could be observed visually by their bright yellow and pale pink colours, respectively, and were dialysed overnight in 25 mM phosphate buffer, 50 mM NaCl pH 7.4 to remove imidazole and lower the salt concentrations. The final protein concentrations determined by Bio-Rad assay were 141 µM YtfE and 25 µM FumB.
Nitrosylation of FumB
Two samples of FumB were nitrosylated by adding ProliNONOate (Cayman Chemical, Ann Arbor, USA) to 100 µM, which if dinitrosylation goes to completion would give 8 NO per FumB monomer (given 2 NO per 1 ProliNONOate). The residual NO was removed by sparging with N 2 and leaving the tube open in the anaerobic cabinet.
NO electrode experiments
An NO sensitive electrode (World Precision Instruments ISO-NOP2 sensor: 2 mm diameter) was used to measure concentrations of NO in the range 0.1-1 µM [32] . The following reagents were added to the 3 ml electrode chamber: 1.6 ml 0.1 M phosphate buffer pH 7.4, 3 µl glucose oxidase (Sigma: 50 mg ml 
Reproducibility of the data
Where appropriate, data are presented as mean values with error bars showing the standard errors of the mean for the combined data from at least duplicate experiments in which each sample was assayed in duplicate or triplicate. However, for growth and gene expression studies the data presented are results from a single experiment that is typical of biological replicates completed on different days and with different batches of medium.
RESULTS
Effect of deletions in ytfE, hcp-hcr or both on anaerobic growth in the presence of nitrate or nitrite Several studies led to the conclusion that YtfE plays a critical role in repairing iron and iron-sulfur centres of proteins damaged by nitrosative stress. However, the strain used for some of these studies also carried a deletion of the hcp-hcr operon, which also plays a critical role in protection against nitrosative stress. The relative effects of ytfE and hcp-hcr mutations on sensitivity to nitrosative stress were therefore compared. This required the construction of a set of four strains with all combinations of hcp-hcr and ytfE in the parent strain, E. coli RK4353.
Anaerobic growth of the DytfE mutant in the presence of a range of NO concentrations was first compared with that of the ytfE + parent (Fig. S1 ). Nitric oxide-saturated water was added every 30 min to final concentrations of 5, 10 or 20 µM. Growth was compared to unsupplemented control cultures. Both strains grew well in the presence of 5 µM NO added at 30 min intervals. Growth was partially inhibited to a similar extent by repeated addition of 10 µM NO, and almost completely inhibited by sequential additions of 20 µM NO. This result indicated that YtfE is not essential for protecting E. coli exposed to exogenously added NO, even when NO was added at concentrations well above those encountered under normal physiological conditions [14] .
The four isogenic strains with or without ytfE or hcp-hcr mutations were also grown anaerobically in the presence or absence of 20 mM nitrate or 2.5 mM nitrite. Even in the presence of 2.5 mM nitrite, the growth of none of the strains, even a double mutant defective in both hcp and ytfE, was markedly inhibited compared to the parent strain (Fig.  S2 ). Furthermore, rates of reduction of very high concentrations of NO by washed bacteria were comparable for all four strains. These preliminary experiments indicated that neither Hcp nor YtfE is essential for anaerobic growth in the presence of nitrate or nitrite when other protective mechanisms against nitrosative stress are functional.
Effect of a ytfE mutation on growth of a strain lacking all known nitrite and nitric oxide reductase activities It seemed likely that the lack of a strong phenotype of mutants lacking YtfE or Hcp was due to two factors. First, the concentrations of NO used in these experiments were far higher than NO concentrations to which bacteria are exposed in vivo, and these high concentrations are known to inactivate the NO reductase activity of Hcp [14] . Second, at high concentrations of NO, other proteins such as NorV, Hmp and NrfA are able to reduce NO to N 2 O or ammonia.
The hcp and ytfE mutations were therefore transferred into strain JCB5210 with deletions in genes for both of the E. coli nitrite reductases, nirBD and nrfAB, as well as the hmp and norVW genes. This second set of four strains (genotypes hcp + ytfE + ; hcp ytfE + ; hcp + ytfE; and hcp ytfE) were first grown anaerobically in the presence or absence of nitrate or nitrite (Fig. 1) . All four strains grew well anaerobically in the absence of nitrate or nitrite, though growth rates of the two hcp mutants were lower than those of the corresponding hcp + strains (Fig. 1a) . This was almost certainly due to the generation of traces of NO from nitrate in L broth [29] . As reported previously, loss of Hcp resulted in severe growth inhibition in the presence of 2.5 mM nitrite or 20 mM nitrate (Fig. 1b, c) . Unexpectedly, this severe growth inhibition in the presence of nitrate was at least partially reversed by further deletion of the yftE gene (Fig. 1c) . However, the hcp ytfE strain with six mutations became progressively more sensitive to nitrosative stress as growth proceeded.
A possible explanation of the results from these initial experiments is that, in the absence of Hcp, YtfE generates a toxic product under conditions of nitrosative stress. As Hcp (Fig. 2) . As for cultures grown in the presence of nitrite, mutation of both hcp and ytfE resulted in a strain that was able to grow, albeit slowly, even in the presence of NO (Fig. 2d) . This again showed that YtfE is partially responsible for the extreme toxicity of NO to a strain that lacks Hcp, in addition to other known mechanisms of NO reduction.
The combined data suggested that at least some of the previously reported effects of NO on growth of strain LMS4209 can now be attributed to loss of Hcp rather than to loss of YtfE [15] [16] [17] .
Effects of ferrous ions and dipyridyl on growth of strains that lack previously characterized nitric oxide reductases NorVW, NrfAB and Hmp The data presented above indicated that YtfE generates a toxic product that accumulates in the absence of a functional Hcp. It has been proposed that YtfE is involved in the incorporation of iron into di-iron proteins or iron-sulfur centres of proteins, to repair damage caused by nitrosative stress [17] [18] [19] 21] . This implies that the nitrosylated iron atoms must first be released, which would increase the concentration of free iron in the cytoplasm. If free iron is the toxic product generated by YtfE, the iron chelator, dipyridyl, might relieve this growth inhibition, but the addition of ferrous sulphate might increase toxicity. The effects of adding dipyridyl or ferrous sulphate to anaerobic cultures in media supplemented with 0.5 mM nitrite were therefore investigated.
Contrary to the above predictions, the addition of 100 µM dipyridyl during growth in the presence of 0.5 mM nitrite strongly inhibited, but did not prevent, growth of all four strains irrespective of whether YtfE was functional or absent ( Fig. S3a-d) . However, there was a significant difference in the response to nitrite of control cultures between the two strains defective in Hcp compared to the isogenic hcp + strains. Nitrite completely inhibited growth of the Dhcp mutants, but the hcp + strains were unaffected, irrespective of whether YtfE was functional or absent (compare Fig. S3b , c with a and d). Addition of 100 µM ferrous sulphate had no effect on growth of the hcp + strains and slightly enhanced growth of the Dhcp strains, especially during growth in the presence of nitrite (Fig. S4) . These data strongly supported Fig. 2 . Effect of NO-saturated water on anaerobic growth of strains containing all combinations of hcp and ytfE mutations. The same isogenic set of four strains shown in Fig. 1 with all four combinations of the ytfE and hcp genes were grown anaerobically in minimal salts medium in the presence (filled symbols) or absence (opened symbols) of 1.5 µM NO-saturated water, which was added repeatedly every 30 min. The optical density was monitored at hourly intervals for 5 h. This graph represents a typical experiment of at least two biological replicates completed on different days and with different batches of medium. + strain, JCB5250, was also included as a positive control [14] . As PTIO both absorbs visible light and is highly toxic, anaerobic cultures supplemented with low concentrations of nitrite were grown in the presence or absence of 1 mM PTIO and, after 4 h of anaerobic growth, were harvested by centrifugation, washed, and the increase in biomass of each culture was determined. Growth of both of the hcp mutant strains was enhanced in the presence of PTIO (Fig. 3) . In contrast, growth of the hcp + strain was either unaffected or even slightly inhibited due to the toxicity of PTIO (Fig. 3) . The combined data suggest that YtfE probably produces NO directly or indirectly during the repair of proteins damaged by nitrosative stress. They also confirm that Hcp is essential to remove any NO generated by YtfE. As the data presented above clearly challenged the view that the primary role of YtfE is to rebuild iron-sulfur centres of proteins damaged by nitrosative stress, it was essential to confirm by independent methods that one result of the repair of nitrosation damage by YtfE is the release of NO into the bacterial cytoplasm.
Attempts to detect YtfE-catalysed NO release from nitrosylated fumarase B Recombinant His-tagged YtfE and FumB proteins were purified in an anaerobic cabinet with minimum exposure to oxygen. In separate experiments, 8.33 µM nitrosylated FumB was incubated in the anaerobic NO electrode chamber with either 1 µM or 3 µM YtfE. As a negative control, 8.33 µM FumB that had not been nitrosylated was incubated with 1 µM YtfE. If all four iron atoms of the [4Fe-4S] ironsulfur centre of 8.3 µM FumB had been dinitrosylated, up to 66.7 µM NO should have been available for release. If only the exposed Fe atom had been dinitrosylated, the maximum concentration of NO available for release would have been 16.7 µM, which is well above the minimum limit of NO detection. In none of these experiments was release of free NO detected either before or after the addition of the reducing agent, 100 mM ascorbate+1 mM TMPD. As the function of the hybrid cluster protein was resolved almost 30 years after its novel structure was first reported, reconstitution of the NO release activity of YtfE in vitro is likely to be a major challenge for future research. Some of the many possible explanations for this failure include the possibility that additional proteins are required for NO release from nitrosylated iron-sulfur centres, that the YtfE protein was irreversibly inactivated during purification, or that an essential cofactor was lost during purification.
Effect of a yftE mutation on transcription at an NsrR-repressed promoter The failure to detect YftE-dependent NO release from nitrosylated FumB in vitro prompted in vivo experiments where it was certain that all the components required for YftE activity would be present. Transcription at the hcp promoter is repressed by NsrR, but is induced in the presence of NO, which relieves NsrR repression [30, 31] . The original set of four strains with all combinations of Hcp and YtfE were transformed with the promoter reporter plasmid, pNF383, in which the hcp promoter had been fused to the lacZ gene [30, 31] . Purified transformants were grown anaerobically in the presence or absence of 2.5 mM nitrite, and after 4 h, b-galactosidase activities of the eight cultures were determined. As previously reported, nitrite induced b-galactosidase synthesis relative to the unsupplemented control culture, but slightly greater induction was observed in the Hcp-deficient strain, JCB5000 (Fig. 4) . This indicates that despite the presence of functional nirB, nrfAB and norVW genes, loss of Hcp function resulted in increased accumulation of NO in the E. coli cytoplasm [14] . In contrast, far less induction of transcription at the hcp promoter during growth in the presence of nitrite was observed in strain JCB5211, which lacks YtfE. Induction was restored in the hcp ytfE double mutant, strain JCB5228, because Hcp was no longer available to remove cytoplasmic NO generated by various mechanisms (Fig. 4) .
Relief of nitrosative stress by deletion of narG and ytfE We and others have previously shown that a major source of cytoplasmic NO is due to a side-reaction catalysed by the cytoplasmic nitrate reductase, NarG, in which nitrite is reduced to NO. Some iron-sulfur proteins immediately trap this NO, resulting in the inactivation of key metabolic functions and growth inhibition ( [31, 33] and references therein). Strain JCB5280 was constructed to determine whether, in the absence of the nitrite reductases NrfA and NirB, deletion of narGHJI would restore resistance to growth in the presence of nitrite. The narZ operon was also deleted to generate a strain, JCB5280, that is defective in all nitrate and nitrite reductases except the periplasmic nitrate reductase, napA. Unlike the nitrate reductase-positive strain, JCB5260 (Fig. 5b) , strain JCB5280 grew as well in the presence of 1 mM nitrate or nitrite as in its absence (Fig. 5a ). However, growth was still inhibited by nitrite in a dosedependent manner. This provided clear evidence that NO can be generated from nitrite by mechanisms that do not involve NarG, NarZ or the two E. coli nitrite reductases.
A further strain, JCB5270, was constructed that is defective in NarG and NarZ, but ytfE + . Growth of this strain and the corresponding ytfE deletion strain, JCB5280, in the presence or absence of 1 mM nitrite were compared. In contrast to the resistance of strain JCB5280, growth of the ytfE + strain was almost totally inhibited by 1 mM nitrite (Fig. 5c, d ).
If NO is released as a result of YtfE function, complementation of the ytfE defect of strain JCB5280 with a ytfE + plasmid should restore extreme sensitivity to NO generated from nitrite. To test this prediction, both strains JCB5270 and JCB5280 were initially transformed with the pUC18-based ytfE + expression plasmid, pytfE [16] . Unexpectedly, growth of both transformed strains was inhibited even in the absence of nitrite, presumably due to the stress of highlevel YtfE production. Although high-level recombinant protein product from pET vectors requires both IPTG induction and the presence of a T7 RNA polymerase gene in the bacterial chromosome, pET vectors are sufficiently leaky to allow low-level transcription of cloned genes even in hosts that lack the T7 RNA polymerase gene [34] . Plasmid pET-24a :: ytfE + was therefore transformed into both strains, and the effect of nitrite on anaerobic growth was assessed. In contrast to the untransformed control culture, growth of the JCB5280 transformant was inhibited in the presence of nitrite, but not in its absence (Fig. 5e ). In contrast, the presence of the plasmid had virtually no effect on growth of the ytfE + host, JCB5270, in the presence or absence of nitrite (Fig. 5f) . Complementation of the ytfE strain JCB5280 with the ytfE + plasmid had therefore restored extreme sensitivity to nitrosative stress, even in a strain that lacks the major enzyme for catalysing NO production from nitrite. The fact that the ytfE deletion mutants were far less sensitive to nitrite than the ytfE + strains indicates that nitrite itself is not toxic: toxicity depends upon its reduction to NO.
Both the ytfE + and DytfE strains were transformed with the Phcp::lacZ reporter plasmid, pNF383, and the effect of growth in the presence or absence of nitrite on b-galactosidase synthesis was determined (Fig. 6) . Loss of YtfE function resulted in lower expression from the NsrR-dependent hcp promoter, consistent with less NO being generated in the absence of YtfE than when YtfE is functional. Note, however, that even in the absence of YtfE, nitrite still slightly induced expression at the hcp promoter. This confirmed that some NO accumulated in the cytoplasm of a ytfE mutant during growth in the presence of nitrite (Fig. 6 ).
Alternative sources of nitric oxide in the E. coli cytoplasm One possible explanation for NO production in the DnarGDnarZ mutant was that NO can be generated by one or more molybdoproteins other than NarG and NarZ. If so, b-galactosidase activities should be lower in cultures of strain JCB5270 transformed with the hcp :: lacZ reporter plasmid after growth in the presence of tungstate, which is a non-specific inhibitor of molybdoprotein activities. Strain JCB5270 was therefore grown in the presence or absence of 2 mM tungstate with or without 0.5 mM nitrite. After 2 and 4 h of growth, b-galactosidase activities were compared to cultures supplemented with molybdate, which was omitted from the tungstate-supplemented cultures. Either nitrite alone, or tungstate alone, slightly inhibited growth compared to unsupplemented control cultures, and cultures supplemented with both nitrite and tungstate grew at about half the rate of the unsupplemented control. As predicted, Fig. 4 . Effects of deletion of the hcp and ytfE genes on the response to nitrite-induced nitrosative stress. An isogenic set of four strains with all four combinations of the ytfE and hcp genes were transformed with the Phcp :: lacZ transcription reporter plasmid. Purified transformants were grown anaerobically at 37 C in the presence or absence of 2.5 mM nitrite. After 4 h of growth, b-galactosidase activities of the 8 resulting cultures due to transcription from the hcp promoter were determined. The experiment was repeated three times with similar data. Error bars show the reproducibility of the data within a single experiment. Fig. 5 . Relief of nitrosative stress by deletion of NarG. Panels (a) and (b): the effect of NarGHJI and NarZ on growth of strains defective in proteins that protect E. coli against nitrosative stress. The narGHJI narZ strain, JCB 5280 (a), and the narGHJI + narZ + strain, JCB 5260 (b), were grown anaerobically in medium that was either unsupplemented (.) or supplemented with either 1 mM sodium nitrate (~) or 1 mM sodium nitrite (&). Note that both strains are defective in nirBDC nrfAB norV hmp and both hcp and ytfE. Cultures were incubated statically at 37 C and samples were withdrawn at hourly intervals to be assayed spectrophotometrically for optical density at 650 nm. Panels (c) and (d): YtfE-dependent generation of NO even in a strain that lacks NarG, the major source of cytoplasmic NO. The narGHJI narZ ytfE strain, JCB 5280 (panel c), and the narGHJI narZ ytfE + strain, JCB 5270 (panel d), were grown anaerobically in medium that was either unsupplemented (¤) or supplemented with 1 mM sodium nitrite (&). Panels (e) and (f): increased sensitivity to nitrosative stress by complementation of strain JCB5280 with a ytfE lower activities were found in the cultures supplemented with tungstate, but some residual induction of hcp transcription was still detected (Fig. S5a ).
Mutants defective in mob genes are unable to synthesize the molybdopterin guanine dinucleotide cofactor and are therefore defective in all molybdopterin-dependent activities. The b-galactosidase activity of a mobA derivative of strain JCB5270 was also lower than that of the Mob + strain (Fig.  S5b) . However, as nitrite still stimulated hcp::lacZ expression, there must be an additional source of cytoplasmic NO that cannot be due to NirBD, NrfAB or another molybdoprotein. This result was also consistent with the report that Nap from Salmonella enterica serovar Typhimurium is not a significant source of NO from nitrite [35] .
Effect of YtfE on in vivo aconitase and fumarase activities We previously reported that aconitase and fumarase activities are much lower or almost absent from cultures of the Hcp -YtfE + strain, JCB5250, during growth in the presence of nitrate or NO [14] . If this inactivation is due to NO released by YtfE from nitrosylated iron-sulfur proteins, the aconitase and fumarase activities of strains that lack YtfE should be higher during growth in the presence of nitrosative stress than the isogenic ytfE + strain. However, Hcp should be essential to remove cytoplasmic NO as rapidly as it is released. This prediction was confirmed (Fig. 7) . Aconitase activity was undetectable after anaerobic growth of the two Hcp-deficient strains, JCB5250 and JCB5260, in the presence of repeated additions of 1.5 µM NO, but was readily detectable in both of the hcp + strains, JCB5210 and JCB5257 (Fig. 7a) .
Fumarase activity was detected in all four strains even after repeated additions of NO, but was consistently higher in the hcp ytfE strain, JCB5257, than in the hcp-ytfE + strain, JCB5250 (Fig. 7b) . This result was entirely consistent with the proposed role of YtfE in releasing protein-bound NO that in the absence of Hcp-Hcr will accumulate in the cytoplasm.
DISCUSSION
The first unexpected result from our experiments was that a single ytfE mutant was as resistant to NO as its ytfE + parent (Figs S1 and S2). Subsequent experiments revealed that in the absence of other known systems for NO reduction such as NorVW, NrfAB and Hmp, YtfE increases rather than decreases sensitivity to nitrosative stress by releasing NO, presumably from damaged metalloproteins. The crystal structure of E. coli YtfE has recently been published [22] . It reveals two converging channels that could accommodate a small, hydrophobic molecule such as NO. A low-affinity and low-activity NO reductase activity in the presence of ascorbate+TMPD was also demonstrated. In view of the failure of preliminary experiments to demonstrate directly that purified YtfE alone can catalyse the release of NO from nitrosylated FumB, it was essential to design other experiments to determine whether YtfE generates rather than consumes NO in the cytoplasm. Convincing evidence that YtfE releases NO, directly or indirectly, came from the demonstration that loss of YtfE partially suppressed the severe growth inhibition of an hcp mutant during anaerobic growth in the presence of nitrate (Fig. 1) . We therefore propose that, as shown in Fig. 8 , the high affinity of Hcp for NO and regulation of hcpR transcription by the NO-sensitive repressor, NsrR, enable Hcp to reduce NO to N 2 O under physiological conditions when the concentration of NO in the cytoplasm is too low for NorVW to be expressed, or for Hmp and the periplasmic NrfAB to be effective [14, 36] . The figure illustrates the critical role for Hcp in removing any NO released by YtfE, without which YtfE would be detrimental rather than protective.
Subsequent experiments that confirmed this inference were the demonstration that growth inhibition was relieved by PTIO, which degrades NO; relief of nitrosative stress by deletion of narG encoding the nitrate reductase that is the major source of NO from nitrite; YtfE-dependent loss of aconitase and fumarase activities in the absence of Hcp; partial suppression of loss of aconitase and fumarase activities due to loss of Hcp function by a further mutation in ytfE; and YtfE-dependent relief of NsrR repression of the hcp promoter in response to cytoplasmic NO. No evidence was obtained that growth inhibition was due to the Fenton reaction of iron released into the cytoplasm during the repair of nitrosative damage. Some of the data presented in this paper are difficult to reconcile with results published previously by us and others [15, 18] . Further work will therefore be required to explain why loss of YtfE alone was previously reported to result in growth defects and increased sensitivity to oxidative stress.
Although many of the results presented document the major role for Hcp in maintaining very low concentrations of NO in the cytoplasm, the model presented in Fig. 8 is clearly an over-simplification. Nitrosylation of [4Fe-4S] centres is a multi-step process that can result in the binding of from 1 to 8 molecules of NO. It is currently unknown whether initial binding is freely reversible, or which species of proteins like aconitase and fumarase are reversibly or irreversibly inactivated. It is therefore unknown whether YtfE-dependent release of NO generates the active form of the nitrosylated protein, as implied in Fig. 8 . The alternative possibility is that NO is released attached to a catalytically essential Fe atom, resulting in the initial release of inactive enzymes that require further reconstitution before activity is restored. This suggestion would partially reconcile the data in the current paper with those published by the Saraiva group. It is also consistent with the almost total growth inhibition by NO of the Hcp -YtfE + strain and the loss of aconitase and fumarase activities, both of which are less severe in the absence of YtfE than in its presence (Figs 2  and 7) . To resolve these questions will require detailed in vitro kinetic analysis of purified proteins.
There are many possible reasons why experiments to demonstrate directly that purified YtfE alone catalyses the release of NO from nitrosylated FumB were unsuccessful. For example, the catalytic activity of YtfE might have been inactivated during purification. YtfE might require one or more other proteins for its NO release activity to be detected; it might require reduction by a physiological substrate rather than by the artificial electron donor ascorbateplus-TMPD tested in the current work; or the conditions we were using might have been inadequate. It is also possible that YtfE is essential to protect or enable another protein that releases NO from nitrosylated proteins to function; or that YtfE acts downstream from primary nitrosylation -for example, in releasing NO from S-trans-nitrosylated components. We note that many of the above possibilities might also apply to the alternative hypothesis favoured by other groups, namely that the primary role of YtfE is to repair or replace nitrosylated iron atoms in iron-sulfur centres that have been damaged by nitrosative stress.
Amino acid sequences of YtfE orthologues vary too greatly for them to be recognised easily in genome databases. It is therefore currently unknown whether all Hcp + bacteria also contain a ytfE gene. However, based upon conservation of histidine and glutamate residues required to bind the diiron centre and its regulation by nitrosative stress, we recently identified a potential YtfE orthologue encoded by gene Ddes_1165 in the sulphate-reducing bacterium, Desulfovibrio desulfuricans [37] .
The combined data support the model for NsrR-regulated protection of cytoplasmic proteins from nitrosative damage in which NO is generated in the cytoplasm by the reduction of nitrite by NarG and by various other mechanisms, some of which remain undefined [9, 35, [38] [39] [40] [41] [42] [43] . This NO is initially trapped by proteins that are extremely sensitive to nitrosative damage, for example dehydratases such as aconitase B, fumarase B and IlvD that contain iron-sulfur centres with exposed Fe atoms [14, 18, [44] [45] [46] . We suggest that a major role for YtfE is to reverse this damage by releasing NO back into the cytoplasm. The high-affinity NO reductase activity of Hcp ensures the reduction of cytoplasmic NO to N 2 O. If this model is correct, the concerted action of YtfE and Hcp would not only maintain the cytoplasmic concentration of NO in the low nM range reported previously [14, 47] , but also provide a rationalization for the coordinate regulation of Hcp and YtfE synthesis by NsrR.
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